Nanoporous gold prepared by dealloying Au:Ag alloys has recently become an attractive material in the field of analytical chemistry. This conductive material has an open, 3D porous framework consisting of nanosized pores and ligaments with surface areas that are 10s to 100s of times larger than planar gold of an equivalent geometric area. The high surface area coupled with an open pore network makes nanoporous gold an ideal support for the development of chemical sensors. Important attributes include conductivity, high surface area, ease of preparation and modification, tunable pore size, and a bicontinuous open pore network. In this paper, the fabrication, characterization, and applications of nanoporous gold in chemical sensing are reviewed specifically as they relate to the development of immunosensors, enzyme-based biosensors, DNA sensors, Raman sensors, and small molecule sensors.
Introduction
High surface area nanostructured electrodes have received considerable attention in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . These materials are conductive, have surface areas that are typically 2-1000 times larger than a planar electrode of similar size, and consist of either oriented, well-defined or random pore morphology. Such high surface areas are important to a number of applications, particularly those in the field of chemical sensing when the goal is to improve sensitivity and lower detection limits. In electroanalytical chemistry, for example, the increased surface area can lead to a greater amount of an immobilized reagent on the surface. This can potentially lead to larger currents, even for diffusing species, because Faradaic current typically scales linearly with electrode area; a significantly larger electrode area can potentially yield better S/N ratios, enhanced sensitivity, and lower detection limits. High surface area noble metal electrodes have been fabricated using a number of different approaches including hard templating of latex spheres or SiO 2 spheres [7, 8, 19, 20] , chemical dealloying [9, 21] , electrochemical dealloying [22, 23] , H 2 bubble formation [24] , electrodeposition in the pores of nanopore membranes [1, 2] as well as from ensembles of gold nanoparticles [5, 6] , gold microparticles [25, 26] , and electrospun gold nanofibers [3, 4] . Each approach has its unique advantages and disadvantages. Figure 1 shows simple examples of different types of high surface area, nanostructured electrodes.
The focus of this paper is on nanoporous gold electrodes, particularly those formed via dealloying an Au:Ag alloy, and their application to the field of analytical chemistry, specifically chemical sensing. The reader is referred to other reviews for more information related to the material, engineering and mechanical aspects of nanoporous gold [15, 27, 28] , electroanalysis with macroporous electrodes [16, 29] , energy applications of nanostructured electrodes [30] , electrochemical analysis at nanoporous electrodes [14] , and electrocatalysis with nanoporous materials [13] . A book on nanoporous gold by Wittstock et al. has also recently been published [31] . This paper will begin with a description of nanoporous gold, followed by a discussion on fabrication and characterization [9] , its features and unique attributes, and then end with applications in the field of chemical sensing. This paper is not meant to be inclusive of all papers on this subject but rather is designed to give the reader an overview of the subject, particularly as it pertains to analytical chemistry with a focus on studies published during the past five years.
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Nanofiber/nanotube mat Figure 1 : Some examples of high surface area nanostructured gold electrodes.
What Are Nanoporous Gold Electrodes?
Nanoporous electrodes are electrodes that contain a defined 3D network of nanometer size pores and ligaments [9] . Nanoporous electrodes have also be entermed "microporous" or "mesoporous" electrodes [18, [32] [33] [34] [35] [36] as this is the IUPAC definition of a material with 0.2-2 nm and 2-50 nm pores, respectively. They may also be referred to as nanoporous foams [37] , particularly when they are in a monolithic form. In this paper, the focus will be on nanoporous gold made through dealloying, either chemically or electrochemically [9] . For example, 12 Karat white gold leaf (∼50 : 50 Au:Ag alloy) can be immersed in concentrated nitric acid for a short period of time. The nitric acid selectively dissolves the silver, but not the more noble constituent, gold. Nanoporous gold consists of a bicontinuous nanostructure with pores and ligaments in the nanometer size range [9] . In many respects, they are a conducting version of a silica aerogel: an open, foam-like 3D structure of nanometer sized pores accessible to species in solution or the vapor phase [37] . A representative SEM image of surface of a nanoporous gold electrode made in our lab by dealloying 12 K white gold leaf and capturing it on a gold slide is shown in Figure 2 . As can be seen, the structure consists of pores that are ∼25-35 nm in diameter and ligaments that are ∼50-75 nm in width. As described in more detail below, the size of the pores and ligaments can be tailored via judicious choice in the composition of the alloy and the dealloying conditions. An example is shown in Figure 3 .
The one important feature that distinguishes nanoporous electrodes from other types of high surface area electrodes is their very high surface areas coupled with an interconnected pore framework. Depending on how the electrode is made, surface areas that are 100s of times larger than planar gold are possible. High surface area-to-volume ratios coupled with an interconnected pore framework, high electrical conductivity, good mechanical properties, and ease of preparation has put this material at the forefront of analytical chemistry in the last few years [12, 13, 15, 28, 39] . Nanoporous gold electrodes have thus found numerous applications in heterogeneous catalysis, electrocatalysis, fuel cells, as electrochemical supercapacitors and as actuators, in chemical sensing, and supports for surface enhanced Raman Spectroscopy [12, 13, 15, 39] .
Fabrication
A number of methods have been used to fabricate nanoporous gold in a variety of different forms including monoliths, nanowires, thin films, and ribbons [40] [41] [42] , and most recently, nanoparticles [5] and nanoprisms [43] . Fabrication begins with an alloy of a defined composition and is followed by dealloying, either electrochemically or chemically, to remove the least noble constituent. Structural rearrangement of the most noble constituent takes place leaving a network of pores and ligaments of a defined size.
Alloy Preparation.
The binary alloy that is most popular is Au:Ag, with a composition of Au 65 Ag 35 (at %). The alloy can be obtained in a number of different ways including (a) electrodeposition, (b) thermal (electron beam) evaporation, (c) sputter coating, (d) high temperature melting followed by cold rolling and annealing [44] , or (e) commercially from various sources [9] . It is also possible to start with selfassembled films containing metal nanoparticles [5] .
3.1.1. Electrodeposition. Au:Ag alloys in the form of a thin film, multilayer, a rod (e.g., wire), or in a suitable template can be made via electrodeposition [45] [46] [47] [48] [49] . In this case, Ag and Au cyanide salts [45] [46] [47] (or other salts in a thiosulfate solution [50] ) are combined in a given ratio. Upon application of a sufficiently reductive potential to a working electrode immersed in this solution, the two salts can be electrodeposited together yielding the binary alloy. Au electrodeposition is kinetically favored, while Ag deposition is thermodynamically favored [45, 47] . Films of varying Au:Ag atomic percent can be made by altering the deposition potential and/or solution composition [51] . To form nanoporous wires or vertical nanoporous rods, electrodeposition can be carried out in membranes containing an array of cylindrical [38] . Reprinted from SI with permission from [38] .
nanosized pores [52] [53] [54] [55] [56] . For example, Ji and Searson have used this approach to prepare nanoporous gold nanowires and films [53, 54] . Loacharoensuk and coworkers took this one step further and demonstrated the fabrication of "shapetailored porous gold nanowires" via sequential electrodeposition of Au/Ag solutions of different composition in the pores of a gold-coated alumina oxide nanoporous membrane [55] . Yoo and Park fabricated porous gold vertical nanorods arrays and decorated them with platinum [56] . An alternate strategy for the preparation of nanoporous nanowires that does not involve electrodeposition entails the deposition of gold on a silver nanowire formed via a polyol process. The Au:Ag alloy is formed when the surface gold atoms interdiffuse with the underlying silver atoms at an elevated temperature [57] .
Four important aspects regarding electrodeposition are as follows: (1) it requires a conductive substrate; (2) it can be used to create alloys in a number of different configurations, most notably films of various thicknesses (controlled by potential and time) and nano-and micron-sized wires; (3) the composition (Au:Ag atomic ratio) can be easily manipulated by varying the solution composition and/or potential; (4) cyanide salts are often used, which are toxic; and (5) as the films become thick, cracking can be problematic during the dealloying process [15] . However, thermal annealing can help reduce the severity of this problem [15, 58] .
Thermal Evaporation/Sputter
Coating. Rather than electrochemically growing the alloy, it is also possible to form it via thermal or electron beam evaporation using high purity Ag and Au targets followed by annealing [59] . In one example, nanoporous gold nanoparticles were made by first starting with an Au:Ag bilayer film deposited on a silicon substrate using electron beam evaporation. The bilayer film was dewetted by annealing at 900 ∘ C under argon to form the alloy nanoparticles [60] . Likewise, cosputtering a coating from separate Ag and Au targets is conducive toward making nanoporous gold films of various compositions and thicknesses on different substrates [23, 38, 51, 61, 62] and can also be coupled with optical lithography to form patterns of nanoporous gold on a substrate [63, 64] . Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX) can be used to evaluate atomic composition. The most relevant characteristics of this method are as follows:
(1) the alloy composition can be easily tailored by using different gun power settings; film thickness can be changed via variations in the sputtering time; (2) the alloy is also formed directly on the surface; (3) adhesion can be a problem on some substrates; and (4) it provides a means to form the alloy in localized regions on the substrate [15] . In recent work, Sattayasamitsathit et al. compared the pore size and ligament size of nanoporous gold formed from electrodeposited Au:Ag alloys and cosputtered alloys [51] . On carbon, they noted that the electrodeposited alloy displayed a "rougher morphology with higher porosity" than that of the sputtered sample [51] .
Commercial.
A very popular and simple approach is to purchase a premade Au:Ag alloy of a defined composition from a jewelry, art store, or another location [9, 15] . 12 K white gold leaf (Monarch brand), for example, is a ∼50 : 50 wt% gold alloy with a thickness of ∼100-200 nm [9, 15, 65] . The gold leaf has primarily been used for decorative purposes and can be purchased from a number of suppliers. Thicker pieces can also be purchased to make nanoporous gold in a monolithic form [66, 67] . Because gold leaf is ultrathin it can be difficult to handle, particularly after dealloying when it is most fragile [15] . It is typically "captured" on a suitable substrate (e.g., gold electrode) rather than directly grown on the substrate. The major limitation of this method is that only leaves of a few compositions can be obtained.
Other Binary and Ternary
Alloys. Nanoporous films have also been made via electrodeposition from alloys other than Au:Ag. For example, a Au-Zn alloy was formed via electrodeposition of Zn at a gold wire in an ionic liquid at elevated temperatures [68] . In another example, nanoporous films of copper, silver, and gold were prepared by starting with a Zn-metal alloy. In this case, zinc was electrodeposited on a gold foil and then the Au-Zn material was heated to form the alloy [21] . Aluminum:gold alloys of various compositions (e.g., Al 80 Au 20 and Al 70 Au 30 ) [40] [41] [42] have also been used to prepare nanoporous gold that consists of large sized channels 100s of nanometers in size along with nanoporous walls containing the ligament pore structure. The nanostructure of the gold ribbons prepared in this manner can also be tailored via judicious choice of the dealloying conditions and the composition of the binary alloy [41] .
In addition to binary alloys, it is also possible and sometime advantageous to start with a ternary alloy. In these materials, the least noble constituent is removed (typically Ag) leaving behind a nanoporous binary alloy. For example, Snyder et al. worked with Ag 65 (Au 35− Pt ) with 0% < < 7% alloys and showed that the addition of Pt modifies the morphology of the nanoporous metal and its chemical and physical characteristics [69] . The addition of Pt retards the diffusion of the Au atoms and thus influences the reorganization of gold, resulting in a finer nanoporous structure (pore size < 4 nm) and less coarsening (improved stability) [69] . Also, Au-Pt-Cu alloys have been used to form a nanoporous Au-Pt binary alloy [70] . In this case, copper was removed via dealloying. Ternary alloys of platinum, aluminum, gold and palladium, aluminum, gold (e.g., Al 66 Au 27.2 Pt 6.8 ) were used to form nanoporous gold containing small amounts of either Pt or Pd depending on the ternary alloy used [71] [72] [73] . Similar to the results observed by Wang et al. for the Au-AgPt alloy, the Al-Au-Pt (Pd) dealloyed samples were shown to have a different microstructure compared to the binary Au-Ag alloys, in particular smaller ligament/channel sizes [72] . Likewise, nanoporous gold with a "dual microscopic length scale" was fabricated using a Au 5 Pd 20 Ag 75 ternary alloy [74] . Jin and coworkers described the use of the resulting nanoporous Au-Pt alloys as electrochemical actuators [75] and in the electrocatalytic oxidation of formic acid [50, 73] .
3.2.
Dealloying. Au-Ag alloys are typically dealloyed in one of two ways, (1) chemically or (2) electrochemically. The pore structure of nanoporous gold depends on the method used to dealloy, the processing conditions (temperature, time, and electrolyte), and the initial composition of the alloy. The composition of the alloy strongly affects the porosity and surface area of the material regardless of the method used [58, [76] [77] [78] . Dealloying works over a narrow compositional range: ∼26 to 36 at % Au [58, 77, 78] . At high composition (greater than 36 at % Au), the removal of silver was limited and the surfaces contained randomly distributed pores, whereas at lower than 26 at % Au, more microscopic cracking was observed [77, 78] . A decrease in film thickness was also noticed upon dealloying [78] .
One of the simplest methods to dealloy is chemically by immersing the material in concentrated nitric acid for a given period of time followed by rinsing with water. The time spent in the nitric acid influences the pore/ligament size and the percent Ag remaining in the nanoporous Au network. The longer the time in acid, the larger the pore sizes and the smaller the percent Ag that remains in the material. For 12 K white gold leaf that is ∼100 nm thick, an immersion time of 5 minutes in acid yielded an average pore size of ∼8 nm with ∼5% Ag remaining [9] . Increasing the time in acid to 15 minutes increased the pore structure to ∼15-20 nanometer, whereas 1 day in acid yielded ligaments that were ∼40 nm [9] . Another account reports average pore sizes of ∼18, 30, 40, and 50 nm after dealloying gold leaf in concentrated nitric acid at room temperature for 15 min, 2 hr, 4 hr, and 8 hr, respectively [79] . Energy-dispersive X-ray spectroscopy (EDX) estimates of the residual silver concentration range from 7 at % to 1 at % [79] . For significantly thicker pieces of alloy, a much longer immersion time is used (e.g., 24-48 hours) [66, 67] . Variables such as the concentration of the acid, length of time in the acid solution, and temperature of the solution are particularly important and will influence the size of the pores and ligaments as well as the surface area of the material. Dealloying at very low temperatures can result in significantly smaller pore sizes (∼5 nm), but could also lead to more Ag remaining in the materials [80] . Dealloying in dilute acid solutions can also lead to higher amounts of residual silver being present [38] .
Electrochemical dealloying can be undertaken in a number of different ways. Typically the electrode is immersed in a dilute perchloric acid solution and a potential is applied (with respect to a reference electrode) for a given period of time from ∼10 min to over an hour [44, 81] to one to five days, depending on the thickness of the alloy [44] . A number of other electrolyte solutions have also been used with good success including halide containing electrolytes, AgClO 4 /HClO 4 , AgNO 3 /HNO 3 , and neutral pH AgNO 3 solutions [22, 23, 44, 82, 83] . Dealloying can be performed under an elevated temperature [59] that can help decrease the time needed to dealloy [81] as well as improve the mechanical stability of the film [84] . The applied potential (current density), time, temperature, concentration, and pH of acid/electrolyte solution are important variables that influence the size of the pores/ligaments, the surface area, and the percent silver that remains in the nanostructure [85] . Dealloying in neutral pH silver nitrate solutions resulted in smaller pore sizes and a three-fold higher surface area compared to dealloying in concentrated nitric acid [83] . Four noteworthy features about electrochemical dealloying Au-Ag binary alloys are as follows: (1) the kinetics of the dealloying process can be followed and studied by monitoring the current density resulting from the dissolution of Ag from the alloy surface [85] ; (2) the electrolyte solutions chosen are significantly less corrosive than concentrated nitric acid [83] ; (3) the nanoporous gold has to be in electrical contact to dealloy [15] ; and (4) the pore/ligament structure can be controlled to a certain extent by the magnitude of the applied potential [86] .
Mechanism of Pore Evolution.
The mechanism for pore formation has been extensively investigated by the research groups of Erlebacher et al. [87] [88] [89] and others and has been well summarized in a number of reviews [9, 15, 27] . In brief, the evolution of porosity begins with the dissolution of the least noble consistent-silver-on the outer most surface of the homogeneous Au:Ag binary alloy [88] . During the removal of silver, the gold atoms, which diffuse very quickly at the electrolyte/metal interface, move and restructure on the surface to form gold-rich clusters surrounded by holes/pits. This exposes additional Ag, which dissolves and leads to additional reorganization of the gold atoms and the exposure of more Ag [88] . At some point, the gold rich clusters turn into hills/mounds that become undercut leading to the formation of new clusters. Through this process of dissolution/reorganization, the pore morphology of nanoporous gold develops and the silver becomes depleted [88] . Figure 4 shows a schematic of this process (reproduced with permission of The Electrochemical Society [88] ). The pore structure continues to evolve over time leading to an increase in pore/ligament size and continued reduction in silver.
Characterization
The physical and chemical properties of nanoporous gold have been studied using a number of different methods. Characterization of the physical properties of the materials formed after dealloying has been done predominately by scanning electron microscopy (SEM), atomic force microscopy (AFM), scanning tunneling microscopy (STM), transmission electron microscopy (TEM), tomography, X-ray diffraction (XRD) and small angle X-ray diffraction (SAXS), and electrochemical methods while characterization of the elemental composition has been done by X-ray photoelectron spectroscopy (XPS) or Auger spectroscopy and scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX). Some of the more common methods for the characterization of nanoporous gold relevant to the analytical chemist are briefly described below.
Microscopic Methods.
Of all the microscopic methods of analysis, SEM is one of the most widely used tools to characterize the surface morphology of nanoporous gold. In the case of nanoporous gold, relatively high-resolution SEM images (see e.g., Figures 2 and 3 ,) can provide valuable information about the pore size and ligament size of a sample and allow for comparisons to be readily made between samples prepared under different dealloying conditions. Low magnification images can provide valuable information about the presence and extent of microscopic cracking in the sample. Because nanoporous gold is already conductive, there is no need to first coat the samples with a fine layer of metal, and high-quality images can be obtained. Unlike TEM, thick samples can be quickly imaged. When SEM is coupled with EDX, the atomic percent Ag and Au in the bulk of the material can be readily determined with knowledge of the atomic sensitivity factors. Likewise, such elemental information can also be obtained from TEM, though thin sections need to be made.
AFM has also been used to obtain information regarding pore/ligament size. AFM has the advantage that it can be performed under atmospheric conditions (does not require a vacuum) but it can take some time to collect a high-resolution image of a large size and the images have the potential to be distorted by tip artifacts. Because AFM is ideal for imaging samples under ambient conditions, this technique is useful for examining biomolecules adsorbed on surfaces. In recent work, a nanoporous gold monolith was cleaved and AFM was used to evaluate the presence and orientation of proteins on the surface [90] .
The three-dimensional (3D) structure of nanoporous gold with high resolution has recently been acquired using transmission electron tomography [91, 92] . A 3D image of nanoporous gold is shown in Figure 5 [91] . This method is an ideal way to see the inner pore network, the bicontinuous nature of nanoporous gold, and quantitatively evaluate the curvature and the average diameter of the ligaments and nanopore channels [91, 92] . Transmission X-ray microscopy using a synchrotron X-ray source has also been used to examine the 3D microstructure of a coarsened sample tens of microns thick [93] . Recently, this method has been used to study the coarsening of nanoporous gold at different temperatures [94] .
Spectroscopic Methods.
Both SEM-EDX and XPS have been used to evaluate the percent Ag remaining in the nanoporous gold framework after dealloying. The major difference between the two techniques is that EDX reports on Reproduced by permission of The Electrochemical Society from [88] .
nm
Figure 5: 3D reconstructed TEM tomography image showing the internal structure of nanoporous gold [91] . Reprinted with permission from [91] .
the bulk Ag concentration where XPS reports on the percent Ag on the top few nanometers of the surface. These two values are typically not the same, often 5-10 times different from each other [95, 96] . XPS also provides an important route to evaluate the extent of surface contamination on the surface of nanoporous gold, particularly after treatment. For example, high-resolution core level spectroscopy has been used to examine how the surface chemistry of nanoporous gold changes with/without thermal treatment under oxidizing conditions [95, 97] . In particular, significant information about the nature of the gold oxide, the presence of metallic gold, the different types of oxygen species present on the surface, the chemical state of Ag, and the presence of surface enrichment has been obtained [97] .
Electrochemical Methods.
Electrochemical methods provide a useful and straightforward way to measure the surface area of nanoporous gold and allow comparisons to be readily made to planar gold [64] . Perhaps one of the most common methods involves the formation and successive reduction of gold oxide in sulfuric acid [64, 67] . Using cyclic voltammetry (CV) at slow scan rates, the charge associated with the reduction of gold oxide, which is proportional to the real surface area of the electrode, is measured [64, 67] . The roughness factor of the electrode can be calculated by taking the ratio of the real surface area to the geometric surface area. In contrast to gas sorption measurements (see later section), this method can measure the surface area of thin nanoporous gold films.
Other electrochemical methods have also been used to assess the surface area of nanoporous films. The underpotential deposition (UPD) of metal (Pb 2+ , Cu 2+ , Ag + ), whereby the charge from the formation or stripping of the UPD monolayer is measured via chronoamperometry or CV, has been used [50, 64, 65, 98] . In this case, the charge measured of a UPD monolayer is directly proportional to the surface area of the electrode [98] . A detailed analysis of the UPD mechanism and kinetics of Pb UPD on nanoporous gold electrodes have been reported [98] . These authors and others have noted that UPD is more complicated on nanoporous gold relative to planar gold because of mass transport limitations [64, 98] .
Another electrochemical approach involves electrochemical impedance spectroscopy (EIS) or CV [83, 99] to evaluate the double-layer capacitance of the electrode, which is proportional to electrode area. EIS can be a little tricky because it relies on the model chosen and fitting procedures [98] .
The presence of residual silver can also increase the capacitance of the electrode [83] .
Detsi et al. reported that the area measured using gas sorption was lower than that measured electrochemically, which they attributed to assumptions made in the electrochemical analysis [99] . In another article, however, comparable albeit lower values were obtained relative to gas adsorption when using CV to measure the charge required to strip the gold oxide films [67] . Rouya et al. compared Cu UPD, EIS, and the AuO/Au redox reaction and showed that Cu UPD and AuO/Au gave nearly identical values of area, while EIS values were found to be 1.5 to 1.75 times larger [64] . The authors postulated that the presence of Ag at surface may be an influencing factor or the curvature of the ligaments in the nanoporous gold material [64] .
Electrochemical methods, particularly, voltammetry can also be used to evaluate how much of the electrode area is electrochemically useful to a redox species in solution. This is important because the electrochemistry that takes place at high surface area nanostructured electrodes is very different from that which takes place at a conventional planar electrode or ultramicroelectrode [14, 100] . In a cyclic voltammetry (CV) experiment, the Randles-Sevcik equation predicts that Faradaic current scales linearly with electrode area when all other variables are constant. However, what is observed experimentally at a nanoporous gold electrode is a 10-fold increase in area that does not always lead to a 10-fold increase in the peak Faradaic current. For a redox molecule in solution that exchanges electrons quickly at an electrode surface (large standard rate constant, 0 ), the observed increase in Faradaic current was found to be only a few percent of what it should have been theoretically based on the "real" electrode area [24] . For redox couples with slow electron transfer kinetics, however, the opposite was observed [24] . A large enhancement in current was noted, consistent with increased electrode area. These results indicate that high surface area porous electrodes are biased toward redox couples that have slow rates of electron exchange [14] . The reason for this is because for a redox species (Ox) with fast kinetics, the concentration of Ox ([Ox]) at the outermost pore layer drops to zero; therefore, [Ox] ∼0 in the inner pore, meaning that the inner surface is "not useful" [24, 100, 101] . For a slow redox reaction, [Ox] at the outerpore does not fall to zero and the inner surface is thus used. A simple cartoon of this effect is presented in Figure 6 . In Figure 6 (a), almost all of O (oxidized form of the redox couple) reacts at the outskirts of the nanopores because the electron transfer kinetics are fast, whereas in Figure 6 (b), the reduction of O to R (reduced form of the redox couple) takes place deeper inside the nanopores because electron transfer is slow. Thus more of the electrode area is used. As Park et al. put it, "discriminative amplification" takes place at nanoporous electrodes [14] .
Gas Sorption Methods.
A standard means to measure the surface area and pore sizes of high surface area nanostructured materials involves collecting nitrogen adsorption/desorption isotherms and then utilizing BET theory and the BJH method to measure surface area and evaluate pore
Slow electron transfer Figure 6 : "Discriminative amplification" at nanoporous electrodes [14] .
size distribution, respectively. For this measurement to work for nanoporous gold, a sufficiently high mass must be used [98, 99] . This negates the use of thin films but rather requires large monolithic pieces in order to have enough material to make the measurements. Type IV isotherms with H1-type hysteresis characteristic of a mesoporous material and BET surface areas of several meters square per gram (e.g., ∼3-10 m 2 /g) have been obtained [66, 67, 99] . Coarsening observed at higher temperatures decreases the BET surface area and decreases pore volume [67] . One potential area of concern with gas sorption methods is the temperature used to outgas the material. Because nanoporous gold can undergo coarsening at elevated temperatures (see the section that follows), it is possible that lower surface areas can be obtained using this method [98] . One approach to measure the BET surface area for thin films involves using a quartz crystal microbalance (QCM) measuring system [38] . Surface areas obtained with this QCM approach as compared with that obtained via measurement of electrochemical capacitance were within 30% [38] .
Specific Features of Nanoporous Gold
One of the nice features about dealloying as a method to produce nanoporous gold is that the pores are open and extend through the material into the bulk. Nanoporous gold also has a high density of low coordination surface gold atoms, which are believed to play an important role in catalysis [39] . The pore structure, particularly the surface area, pore size, and ligament size of the nanoporous gold can be controlled to a large extent by factors such as alloy composition, dealloying 8 ISRN Analytical Chemistry parameters and processes, temperature, and by postalloy processing [15, 39, 102] . Dealloying variables such as the concentration of the acid, length of time in the acid solution, applied potential, and temperature of the etchant solution are particularly important [15] . Posttreatments include thermal and acid treatment [9, 15, 67, 103] . One means to decrease pore size while keeping the ligament size nearly the same is via the electroless plating of gold into the internal surfaces of nanoporous gold [104, 105] .
Another useful feature of nanoporous gold is that it can be readily modified by exploiting gold-sulfur chemistry to form a self-assembled monolayer (SAM) from functionalized organothiols. These SAMs can act as simple modifiers [68] or be used as linkers to attach various molecules to its surface such as proteins, enzymes, antibodies, or photosystem I [65, 66, 90, [106] [107] [108] [109] . Because of the very high surface areas of nanoporous gold, a significantly larger amount of the modifier can be immobilized on its surface relative to a planar gold electrode. Thus, surface modification/adsorption can potentially lead to significantly better detection limits. However, the long-range organization of SAM on nanoporous gold could be very different than on planar gold because of the intricate curved surface and porosity [90, 110] . Mass transport limitations associated with the nanoporous network (see below) could also make modification of the inner surfaces more difficult [90] . The presence of residual silver could also complicate the chemistry of immobilization [62, 111] . Various studies have shown that the surface coverage, spacing, and degree of interactions between neighboring molecules can be different on nanoporous gold versus planar gold [90, 110, 111] . Likewise, electron transfer between a redox species in solution with the underlying gold surface can also be different and more complex [110] .
Nanoporous gold formed by dealloying Au-Ag alloys also has several additional characteristics (positive and negative) that need to be kept in mind. First, very rarely is all the silver removed during the dealloying process. The bulk Ag concentration in the resulting nanoporous gold materials can amount to a 0.1 atomic percent to over 20%. Trace amounts of silver can complicate the chemistry taking place at the interface, which can either be construed as a good thing or a bad thing depending on the outcome. In the catalytic oxidation of CO, the presence of small amounts of silver has been shown to play an important role [95, 96, 112] . In contrast, for methanol oxidation, increases in Ag do not improve activity [113] . Ag has also been shown to contribute to the SERS enhancement observed at nanoporous gold [114] and has also been shown to influence the electrochemically measured surface area [64, 83] . As described, scanning electron microscopy-energy dispersive spectroscopy (SEM-EDX) can help evaluate the bulk concentration of silver, whereas X-ray photoelectron spectroscopy (XPS) can aid in determination of the surface concentration of silver, which typically is the most relevant. The two values obtained are often very different from each other.
Second, the microstructure of nanoporous gold is inherently unstable at elevated temperatures and coarsens over time, which gives rise to larger ligament sizes and also brings silver to the surface [27] . Coarsening can be good in that it provides an easy means to increase the pore/ligament size but it can also be construed as bad in that it also limits how small of a pore size can be obtained [27] . Coarsening that takes place at elevated temperatures can also influence the measurement of surface area via gas sorption analysis (see earlier section) [98] . To reduce coarsening and to also obtain smaller pores, several approaches have been used. Snyder et al. [69] and later others [70, 75] have shown that the addition of Pt to the Au-Ag alloy can help to reduce coarsening and also enable smaller pore sizes to be obtained. Biener et al. noted that adsorbed oxygen from ozone decomposition helps to stabilize the nanostructure against coarsening at low temperatures [115] . More recently, atomic layer deposition was used to form a very thin layer of Al 2 O 3 or TiO 2 on nanoporous gold, which helped to suppress coarsening and improve thermal stability [116] .
Third, relatively thick films constrained on a surface can crack due to the large stress that takes place during the dissolution of Ag atoms [15, 50, 58] . Cracking can be minimized/eliminated by careful control of the parameters in the dealloying process [28, 59, 77, 84] . For example, Kim and coworkers preferred to electrochemically dealloy in dilute perchloric acid under an elevated temperature to minimize/eliminate cracking [59] . Under these conditions, the dissolution rate of Ag atoms is slow while Au diffusion is fast [59] . Senior and Newman showed that application of the appropriate dealloying potential coupled with an increase in temperature can give rise to materials with better mechanical stability [84] . A multistep galvanostatic method to dealloy using multiple steps and different acid concentrations has also been proposed [117] . In chemical dealloying, cracking can also be lessened by optimizing the composition of the alloy [58, 77] by diluting the nitric acid solution [118] , or by thermally treating the alloy films at elevated temperatures (300 ∘ C) prior to chemical dealloying [58] . However, cracking is very dependent on film thickness. In one study, cracking could be observed in all the sputter coated films (thickness up to 2 m) chemically dealloyed except for the 80 nm films [38] .
Fourth, the entire surface of the nanoporous metalparticularly the inner surface-may NOT be fully accessible to a species in the gas phase or in solution on the time scale of the experiment. Nanoporous gold with an extremely high surface area may not be that important if all surface area is not available for modification and/or accessible to an analyte in solution. Restricted diffusion and pore blocking can be very relevant in nanoporous with very small pore sizes and hence large surface areas. Mass transport restrictions can be very important in high surface area materials with narrow pore size distributions [113] . There have been several approaches to deal with mass transport limitations. Increasing the pore sizes via controlled coarsening can help [113] . Early on, Ding and Erlebacher proposed the use of a two-step dealloying process to generate a multimodal pore network [119] . For example, the Au-Ag alloy was immersed in nitric acid and then thermally coarsened at a higher temperature to yield significantly larger pore network. The nanoporous gold was then filled with Ag, annealed, and redealloyed to yield a material with a multimodal pore structure [119] . More recent approaches have involved the formation of a hierarchical pore network consisting of nanosized pores and/or macroor mesopores [49, 51, 120] .
Applications of Nanoporous Gold in Chemical Sensing
Nanoporous gold is an ideal support for the development of chemical sensors. Important attributes include conductivity, high surface area, ease of modification, reasonable stability, tunable pore size, and a relatively open pore network. Because nanoporous gold is conductive, most of the sensing platforms described to date utilize some form of electrochemistry. As described in an earlier section, nanoporous electrodes work best, meaning that more of their electrode area is utilized, when the electroactive species being detected exhibits sluggish electron transfer kinetics. Nanoporous electrodes are also ideal for those experiments that involve some type of immobilized species. The high surface area of nanoporous gold allows a significantly higher amount of a reagent or analyte to be immobilized on its surface, thus allowing for the possibility of greater signals than what can be obtained with planar gold. However, it must be kept in mind that non-Faradaic current, which represents the "noise" in an electrochemistry experiment, also scales with electrode area. The detection of low concentrations of a species in solution often requires the use of more sensitive electrochemical techniques that minimize nonFaradaic current such as pulse voltammetric methods (e.g., differential pulse voltammetry and square wave voltammetry). Mass transport limitations, which will be influenced by pore sizes, are also important in sensing applications. There is often a trade-off between small pore size, which gives larger surface areas, but slower or more restricted mass transport. Experiments should be designed with this aspect in mind. For chemical sensing in particular, really large surface areas are valuable only when they can be fully utilized.
Electrochemical
Immunosensors. An immunosensor is a device that detects the interaction between an antibody (Ab) and an antigen (Ag) and, as such, has become an important analytical tool in clinical and pharmaceutical sciences [121] [122] [123] . Nanoporous gold has two important characteristics that make them ideally suited for electrochemical immunosensing: high surface area coupled with an open framework. The high surface area enables a greater amount of antibody to be immobilized on the surface relative to that which can be obtained on a flat, planar surface. An open structure has the potential to provide greater access for the substrate to reach the immobilized enzyme-labeled antibody (Ab * ). There have only been a few reports on nanoporous gold-based immunoassays, predominately by one research group. In one example, nanoporous gold was used in a sandwich immunoassay for the detection of hepatitis B [124] . A schematic of the fabrication of the sensor is shown in Figure 7 [124] .
In this report, the hepatitis B antibody was covalently linked to the nanoporous gold framework via gold-thiol chemistry. Nonspecific adsorption was reduced/eliminated by adsorbing bovine serum albumin and the modified electrode incubated into a solution containing the antigen. Horseradish-peroxidase-(HRP-) labeled antibody was attached to gold nanoparticles and this solution dripped on to the modified electrode to form the sandwich complex. The concentration of the antigen was determined electrochemically. Specifically, HRP catalyzed the redox reaction between o-phenylenediamine (OPD) and H 2 O 2 to form 2,3-diaminophenazine (DAP), which was electrochemically detected using differential pulse voltammetry [124] . The authors reported a linear range of 0.01-1.0 ng/mL with a detection limit of 2.3 pg/mL [124] .
A label-free immunosensor for human serum chorionic gonadotropin (hCG), a marker for testicular and ovarian cancers, has also been recently described [125] . The sensor consisted of a glassy carbon electrode support onto which graphene was deposited followed by a nanoporous gold foil prepared by dealloying a gold foil in concentrated nitric acid at room temperature. Anit-hCG was placed on the surface; the modified electrode soaked in bovine serum albumin to reduce/eliminate nonspecific adsorption and then incubated in buffered solutions of hCG. A dilute Nafion solution was placed over the electrode to hold everything in place. Hydroquinone served as the redox probe. The sensor had a linear range of 0.5-40 ng/mL and a detection limit of 0.034 ng/mL [125] .
In another related study, the detection of kanamycin, an antibiotic used in veterinary medicine, was described using this label-free immunosensor strategy [126] . In this study, the glassy carbon electrode was coated with graphene and soaked in a Prussian blue-chitosan solution. Nanoporous gold was placed on top followed by kanamycin antibody, bovine serum albumin, and incubated in different concentrations of kanamycin. The linear range for this sensor was reported to be 0.02 to 14 ng/mL with a detection limit of 6.31 pg/mL [126] . In another similar study, prostatespecific antigen (PSA) served as the analyte using an anti-PSA antibody-immobilized nanoporous gold film on glassy carbon and potassium ferricyanide as the redox probe was described [127] . The linear range was reported to be 0.05-26 ng/mL with a detection limit of 3 pg/mL [127] . In all three studies, the dealloying time, which influences pore size and the amount of residual silver, was investigated [125] [126] [127] .
Sandwich-type immunosensors have also been described for the detection of carcinoembryonic (CEA) antigen and the cancer antigen 15-3 (CA-15-3) [128, 129] . In the former, the sensor was based on the electrochemiluminescent reaction of ruthenium (II) tris(bipyridine) (Ru(bpy) 3 2+ ) with tripropylamine. The Ru(bpy) 3 2+ was doped into silica nanoparticles functionalized with amine groups and then attached to nanoporous gold and further labeled with anti-CEA [128] . A detection limit of 0.8 pg/mL was obtained. For the latter immunosensor, thionine-nanoporous goldgraphene served as the sensor platform and horseradish-peroxidase-(HRP-) encapsulated liposomes served as labels. A detection limit of 5 × 10 −6 U/mL was reported [129] . 
DNA Sensors.
There have been several reports on DNA sensors using nanoporous gold electrodes as a high surface area conductive support. These studies involve the formation of sandwich assemblies between capture, target, and reporter (probe) DNA. In these reports, modified capture-DNA, which is immobilized on nanoporous gold, has a sequence that is complementary to target DNA which has a sequence complementary to reporter (probe DNA). Together they form a sandwich complex on the surface of nanoporous gold. Detection takes place electrochemically. One early report described a DNA biosensor formed by using nanoporous gold as the solid support and gold nanoparticles labeled with two oligonucleotides, one of which was complementary to a target DNA and the other to a reporter strand [130] . A schematic of the fabrication of this sensor can be seen in Figure 8 [130] .
In this work, a nanoporous gold film was captured on a glassy carbon electrode and then modified with a thiolated DNA sequence (capture DNA) via gold-thiol chemistry followed by mercaptohexanol and incubation with a target DNA. The DNA-modified nanoporous gold electrode was then hybridized with the DNA-modified gold nanoparticles [130] . When placed in an electrolyte solution containing Ru(NH 3 ) 6 3+ , electrostatic interactions with the reporter DNA took place. The chronocoulometric electrochemical signal measured was proportional to the amount of reporter DNA and ultimately to the concentration of the target DNA. A plot of the chronocoulometric response with concentration was linear from 8.0 × 10 −17 to 8.0 × 10 −16 M and a detection limit of 2.8 × 10 −17 M was found. The authors indicated that the detection limit had a 300-fold improvement relative to a bare flat electrode [130] . This report was followed up by another study that used differential pulse anodic stripping voltammetry as the detection method [131] . In this example, the gold nanoparticles contained reporter DNA and signal DNA modified with PbS nanoparticles. The authors report a linear range from 9 × 10 −16 to 7 × 10 −14 M and a detection limit of 2.6 × 10 −16 M [131] . In another example of a DNA biosensor, the detection method was based on the electrochemiluminescent reaction between a precursor in solution with CdTe quantum dots (QD) attached to a DNA sandwich assembly [132] . First, amine-modified capture-DNA was immobilized to the surface of a TGA-modified nanoporous gold electrode. Unbound TGA was blocked with bovine serum albumin. This capture-DNA electrode was then hybridized with target-DNA followed by incubation with probe-DNA. Because the target-DNA had a complementary sequence to both capture and probe-DNA, a sandwich complex formed on the nanoporous gold electrode support. Amine groups on the ends of the sandwich complex were attached to mercaptopropionic acid-capped CdTe QDs via carbodiimide chemistry. The electrogenerated chemiluminescence between peroxydisulfate (S 2 O 8 2− ) in solution and the CdTe QDs was measured. The authors report a detection limit of 2. [130] . Reprinted with permission from [130] .
In a more recent example, an electrochemiluminescence assay based on a nanoporous gold electrode and PdCu nanocomposites bound to carbon nanocrystals via cysteaminecarbodiimide coupling was described [133] . Similar to the study described earlier [130] , nanoporous gold was fabricated by dealloying commercial gold leaf and capturing on a glassy carbon electrode. The modified electrode was then incubated with a DNA capture probe, treated with mercaptohexanol, immersed in a solution containing the target DNA, and then hybridized to the PdCu carbon nanocrystals labeled with reporter DNA. ECL between the carbon nanocrystals loaded on PdCu and peroxydisulfate (S 2 O 8 2− ) in solution was measured and related to the concentration of the target DNA. The authors report a linear range from 0.05 to 8000 × 10 −15 M with a detection limit of 1.8 × 10
6.3. Enzyme-Based Biosensors. Nanoporous electrodes can be used to fabricate biosensors using an enzyme immobilized on its surface. Enzyme-immobilized nanoporous gold is also applicable for the construction of biofuel cells [134, 135] . One of the most important advantages nanoporous gold has over planar gold is a significantly larger area allowing for a greater amount of enzyme to be immobilized on the electrode and potentially larger signals to be obtained. Other favorable characteristics of nanoporous materials, in general, include the stabilization of the immobilized enzyme against denaturation, better thermal stability, and reduction in leaching [136, 137] . Porous materials have been shown to be a good support for the immobilization of enzymes because the constrained environment can help stabilize the macromolecule under otherwise denaturing environments such as in an organic solvent or at high temperatures [138, 139] . The research groups of Wang et al., for example, have recently studied the thermal and organic solvent stability of enzymes (lipase, 5 nm; catalase, 10 nm; and horseradish peroxidase, 4 nm) immobilized in nanoporous gold with an average pore size of 35 nm and concluded that they "demonstrated remarkable catalytic performance and stability" [139] . A schematic of the immobilization of lipase onto nanoporous gold is shown in Figure 9 [139]. Nanoporous gold has already been shown to be a good support for the immobilization of a wide variety of proteins/enzymes including laccase [106, 108, 134, 138] , glucose Figure 9 : A schematic of the immobilization of lipase onto nanoporous gold [139] . Reprinted from [139] .
oxidase [134, 140, 141] , alcohol dehydrogenase [141] , xylanase [142] , acetylcholine esterase [66] , cytochrome c [135] , ligin peroxidase [143] , lipase [139] , catalase [139] , horseradish peroxidase [139] , bovine serum albumin [90] , and immunoglobulin G [90] . Strategies for immobilization have included physical, electrostatic, and covalent attachment.
The physical adsorption of laccase (a copper containing oxidase) on the surface of nanoporous gold and the effect of the pore size (10-20 nm, 40-50 nm, and 90-100 nm) has been described [138] . The authors found that a pore size of 40-50 nm was the most suited for the immobilization of laccase. When the pore size approaches that of the enzyme (∼7 nm in this case), mass transport of the enzyme or the substrate to the inner pores of nanoporous gold limited the activity of the enzyme [138] . A larger pore size typically means a smaller surface area, thus reducing the amount of immobilized enzyme. Compared to free enzyme, the thermal stability of laccase was improved through immobilization in nanoporous gold [138] . Hakamada et al. also noted the improved thermal stability of nanoporous gold immobilized laccase versus that in solution [106] . Another interesting finding was that direct electron transfer of laccase immobilized on nanoporous gold was observed, whereas it was not when the enzyme was immobilized on a planar gold sheet [138] . This electrode also showed strong electrocatalytic activity toward oxygen reduction [138] .
In a later study, the effect of three immobilization strategies (physical, electrostatic, and covalent) on the loading and reaction kinetics for the laccase-catalyzed oxidation of 2,6-dimethoxyphenol has also been studied [108] . The authors showed that physical and covalent immobilization gave similar loadings, whereas the electrostatic immobilization was lower by almost a half. Electrostatic immobilization also resulted in the largest amount of enzyme leached into solution. They also showed that crushing the sample improved the efficiency of laccase as more enzymes were accessible [108] .
Collectively, these studies and others have demonstrated the potential that nanoporous gold has for the development of stable biosensors with low detection limits and improved stability. More recently, there have also been several studies on the actual development of nanoporous-gold-based biosensors [140, 141] . For example, in one of the first reports on this subject, Qiu and coworkers constructed an electrochemical biosensor for glucose or ethanol using either glucose oxidase (GOD) or alcohol dehydrogenase (ADH), respectively, immobilized on nanoporous gold (NPG) (pore size ∼40 nm) formed by chemically dealloying gold leaf in nitric acid and captured on a glassy carbon electrode (GCE) [141] . Nafion was coated on the enzyme-modified electrodes to hold the enzymes in place. The authors showed that the Nafion/ADH-NPG/GCE electrode had a fast response time with millimolar concentrations of ethanol, good sensitivity, and a detection limit of 120 M [141] . For the detection of glucose, the authors showed that the Nafion/GOD-nanoporous gold/glassy carbon electrode had good sensitivity at mM concentrations and a detection limit of 196 M [141] . In both cases, the response was significantly better at the nanoporous gold electrode compared to that prepared from a gold sheet electrode.
In a more recent study, glucose oxidase was linked to the nanoporous gold with different pore sizes via gold-thiol chemistry and used in the amperometric detection of glucose in solution [140] . Different dealloying times (15 min to 8 hrs) in concentrated acid were used to generate nanoporous gold with different pore sizes (∼18 nm to 50 nm). The silver concentration via EDX ranged from 7 to below 1 at %. The authors found the sensitivity to be higher when the glucose oxidase was covalently attached versus physically adsorbed. The best response was obtained with nanoporous gold containing 30 nm pores. A detection limit of 10 M was reported [140] . Mass transport limitations would explain why nanoporous gold with the smallest pore size was not observed to give the highest sensitivity [140] .
Small Molecule Sensing.
Nanoporous gold electrodes are also ideal for the sensing of small molecules and ions for a number of reasons. Because these molecules are small, they can more readily enter the nanoporous framework. More importantly, however, because many of these small electroactive molecules have sluggish electron transfer rates and/or adsorb on gold, this new found area is electrochemically useful. As described earlier in this paper, nanoporous gold electrodes do not respond to all redox active molecules equally-"discriminative amplification" takes place [14] . At a traditional, planar electrode, it can be challenging to electrochemically measure many electroactive small molecules because they exhibit slow electron transfer rates. However, nanoporous gold is ideal for these types of analytes. The ability to use an electrode that has an electrochemically useful surface area that is 10-100 times larger than a traditional electrode thus offers much promise. Examples of small molecules that have been studied include dopamine [144] , ascorbic acid [144] , hydrogen peroxide [143, 145] , nitrite [146] , cysteine [147] , nitrophenol [148, 149] , hydrazine [150] , and glucose [151] .
One of the most highly studied small molecules and one that really demonstrates the uniqueness of nanoporous electrodes is glucose. At a traditional planar electrode, this analyte is difficult to be measured and thus, an enzyme (e.g., glucose oxidase) is often incorporated into the electrochemical sensor platform [152, 153] . Recently, however, the nonenzymatic oxidation of glucose on nanoporous gold has been described in a number of reports [79, 151, [154] [155] [156] [157] . In 2008, Yin et al. reported on the oxidation of glucose on nanoporous gold with different ligament sizes (6-250 nm) and also studied the effect of residual silver (6.8 to 37.9%) [154] . In this experiment, the nanoporous gold material was crushed and then added to buffer solution along with glucose and a constant supply of oxygen gas. Samples were analyzed via HPLC to determine catalytic activity. Six nm nanoporous gold, showed more catalytic activity than the 30 nm nanoporous gold, whereas for the 250 nm nanoporous gold sample, almost no activity was observed [154] . The authors also noted that "the residual Ag atoms in the ligaments do not contribute to the observed activity. . ." [154] . In a study that followed, Liu et al. also examined the electrochemical oxidation of glucose at bare nanoporous gold electrodes with different Ag composition as well as nanoporous gold containing a monolayer of Ag prepared via underpotential deposition (UPD) [155] . The Ag concentration was determined via EDX. For the electrochemical oxidation of glucose, silver was found to have an important positive effect on the catalytic activity. Compared to bulk gold or nearly pure nanoporous gold, higher catalytic activity for glucose oxidation in alkaline solutions was observed for nanoporous gold that contained Ag [155] . More recent work has focused on the electroactivity of nanoporous gold electrodes in phosphate buffer solutions and in the presence of chloride ions, ascorbic acid, and uric acid [79] as well as in different solution conditions [151] . Again, it was noted that glucose oxidation was dependent on pore size (50 nm-18 nm), with smaller pore size (18 nm) providing the highest sensitivity [79, 151] . Again, this is consistent with the higher amount of Ag present in the sample with the smallest pore/ligament size. Using a potential of 0.3 V, the amperometric detection of glucose was established and a detection limit of 3 M was reported [79] . Using rotating disk voltammetry, Li et al. reported a detection limit of 413 nM [151] .
In addition to glucose, other biologically relevant analytes have also been studied. The electrochemistry of dopamine and ascorbic acid has been studied at nanoporous gold electrodes [144] . In this study, the gold leaf was chemically dealloyed and captured on a glassy carbon electrode. Both dopamine and ascorbic acid showed strong electrochemical signals on nanoporous gold. Compared to planar gold, the electrochemical signal was ∼2.5x larger for ascorbic acid and ∼6x larger for dopamine [144] . This difference in enhancement likely reflects difference in the electrochemically accessible electrode areas available to each redox species. In the case of dopamine, it was also found to adsorb on the electrode surface. The determination of dopamine in the presence of ascorbic acid was undertaken using differential pulse voltammetry with a reported detection limit of 17 nM [144] .
The amperometric response of nanoporous gold electrodes to NADH and hydrogen peroxide compared to planar gold has been examined [141] . For the oxidation of NADH, the authors report a linear range of 0.02 to 1 mM and a detection limit of 9.5 M and state that it is better than that observed at the planar electrode. The stability of the amperometric response was also significantly better at the nanoporous gold versus planar gold. For H 2 O 2 , nanoporous gold showed a good response for oxidation and reduction while planar gold showed little to no response [141] . In another report, hydrogen peroxide was detected at a nanoporous gold electrode (∼30 nm pore size; roughness factor of ∼8) affixed to a glassy carbon electrode using Nafion as a glue [145] . The authors report a linear range from 10 m to 8 mM and a detection limit of 3.26 M for the amperometric detection of H 2 O 2 in buffer [145] .
The electrocatalytic oxidation of NO 2 − at glassy carbon, planar gold, and nanoporous gold fixed to glassy carbon with Nafion was reported [146] . A significant electrochemical response (more than 10x) was observed at the nanoporous gold electrode compared to either glassy carbon or a flat gold electrode. The oxidation of NO 2 − was shown to be a surface-confined redox process. The amperometric detection of NO 2 − yielded a detection limit of 1 M [146] . Nanoporous gold fixed onto a glassy carbon electrode with Nafion was also used in the electrochemical detection of hydrazine [150] . The oxidation of hydrazine on nanoporous gold, bulk gold, and bare glassy carbon was made. Using amperometry and a rotating disk electrode, the authors report that the steadystate current for the oxidation of hydrazine was proportional to concentration and the detection limit using this method was 16.7 nM [150] . More recently, the oxidation of L-cysteine has been studied on both flat gold and nanoporous gold supported on glassy carbon [147] . Again, the authors note that the overpotential for cysteine oxidation is reduced and the oxidation peak current is much higher compared to that observed at a planar gold electrode. The amperometric detection of cysteine yielded a limit of quantification of 50 nM [147] .
The electrochemical detection of nitrophenol using a nanoporous gold electrode has also been reported [148, 149] . Different electrochemical behavior has been observed on nanoporous gold versus planar gold particularly as it pertains to the different isomers of nitrophenol. An interesting aspect of these studies is that p-nitrophenol can be detected even in the presence of ortho-and metaisomers [148, 149] . A detection limit of 0.02 mg/dm 3 was reported at an unsupported nanoporous gold electrode [148] .
6.5. Raman Sensors. Nanoporous gold has been shown to be an excellent substrate for surface-enhanced resonance Raman scattering (SERS) [104, 114, [158] [159] [160] [161] . Normally, Raman scattering is very weak but when it is near a suitable surface particularly at "hot" spots, very large enhancements take place. Nanoporous gold with its unique nanostructure that includes small pores, surface irregularities, and small gaps is an ideal surface for surface-enhanced Raman. A number of groups have studied the SERS enhancement as a function of pore size [104, 158, 160, 162] . As noted earlier, pore size can be changed in a number of ways including thermal treatment and by electroless growth of gold into the nanoporous structure. Superior SERS enhancements have been observed for nanoporous gold with small pore sizes. Qian et al. noted that the strongest SERS enhancement was obtained for nanoporous gold with a pore size of ∼5 nm [160] . They achieved a detection limit that is ∼5 ×10 −10 M for rhodamine 6G and indicated that this is about 1-2 orders of magnitude better than that shown on flat planar gold [160] . In another study, a detection limit for rhodamine 6G and crystal violet of 10 −10 and 10 −8 M, respectively, was reported for nanoporous gold with ∼7 nm pore sizes [104] . One point of concern is that smaller pore sizes often have a larger amount of residual Ag, which is also a good SERS substrate. Recently, the importance of residual Ag on the SERS response has been studied. In this work, the %Ag was changed by changing the dealloying time and the pore size tailored by thermal annealing [114] . By doing this, the authors were able to prepare nanoporous gold with different Ag concentrations but nearly identical ligament and pore sizes. They concluded that residual Ag contributes to the SERS enhancement of nanoporous gold and that more residual Ag results in a stronger SERS intensity [114] .
In a more recent work, attempts to increase SERS enhancements even more have been described. For example, nanoporous gold has been decorated with gold nanoparticles to partially fill in the pores [163] . The authors noted that the enhancement factor of hot spots in the films was significantly larger at a gold-nanoparticle decorated nanoporous gold substrate compared to nanoporous gold without modification [163] . For 4-mercaptopyridine, a detection limit near 10 −11 M was reported [163] . In another interesting study by Zhang and coworkers, SERSs at wrinkled nanoporous gold films prepared by the thermal contraction of a polymer surface onto which nanoporous gold sits were reported [162] . When the polymer was heated to a temperature above its glass transition point, it shrank and led to the formation of a wrinkled nanoporous gold film. The authors report a 100x improvement in SERS enhancement on wrinkled nanoporous gold relative to conventional nanoporous gold [162] .
Other Nanoporous Gold Sensors.
There are a number of other reports on electrochemical sensors containing "nanoporous gold" that has been made using procedures other than dealloying. A few of these studies will be briefly described herein.
A simple way to make a nanoporous gold-like structure is to just roughen/etch a planar gold electrode using a repetitive square-wave oxidation reduction cycle and/or via application of large potentials for a given period of time [24, 157, [164] [165] [166] [167] [168] [169] [170] [171] [172] . One example of an electrode made via an anodizing procedure had an area 9.9 times greater than planar gold and was used to make a DNA sensor for detection of the PML/RAR fusion gene [165] . Other examples of electrodes include those used for the electrochemical detection of hydrogen peroxide (roughness factor of 57.4) [169] , thrombin detection (roughness factor of 34) [170] , and detection of osteosarcoma-related gene (roughness factor of 42.5) [168] . An example of nanoporous gold prepared using a modified version of this procedure had a roughness factor over 200 and was used in the electrocatalytic oxidation of glucose with promising results [157] .
Another method used to prepare what has also been termed nanoporous gold with very high surface areas has been reported. This fabrication process involves the electrochemical formation of Au-Zn alloys on a gold electrode immersed in a ZnCl 2 and 1-ethyl-3-methylimidazolium ionic liquid (ZnCl 2 -EMIC) at elevated temperatures followed by anodically stripping the alloy [68] . The morphology of the nanoporous gold electrode depends on the Au-Zn composition. Ligament sizes ranging from 10 nm-60 nm have been reported as have surface areas that are 200x greater than a planar gold substrate [68] . In a related method, the electrochemical alloying/dealloying process took placed on gold electrodes placed in an electrolyte prepared using ZnCl 2 and benzyl alcohol (BA) at elevated temperatures [173] . Figure 10 shows an SEM image of nanoporous gold fabricated by alloying/dealloying in the ZnCl 2 /BA at 120 ∘ C [173] . An electrode area that was 560x greater than planar gold was reported [173] .
By starting with a 50 m gold wire, nanoporous gold microelectrodes with roughness factors of 100-150 have recently been prepared in a similar fashion [175] . An electrolyte of ZnCl 2 and SnCl 2 dissolved in benzyl alcohol was used to prepare nanoporous gold with an enormously high surface area: 1250x larger than planar gold, though ∼4.12 atom% Zn and 1.59 at % Sn remained in the nanoporous gold framework [176] .
These materials have several important features that include the following: (1) no residual silver is present (but residual Zn remains (6-20 at %)) [173, 175] ; (2) it does not involve corrosive/dangerous chemicals (e.g., concentrated nitric acids and Au and Ag cyanide salts); and (3) ultrahigh surface areas-higher than those obtained by dealloying gold leaf. Electrodes with surface areas of 200-1250 times larger than planar gold have been reported [68] . Nanoporous gold prepared in this manner has been used in a number of studies including the detection of Cu 2+ after surface modification of gold by cysteine [68] or 3-mercaptopropyl sulfonate [177] , detection of dopamine with a detection limit of 1 nM [68] , detection of hydrogen peroxide after modification with Prussian blue (detection limit of 2 M reported) [178] , and the detection of chloride ions after UPD of an adlayer of Ag with a detection limit of 0.5 M [179] .
A hydrothermal method has also been used to form nanoporous gold on an etched Ti substrate. In this method, a fairly high concentration of HAuCl 4 was mixed with a reducing agent (e.g., ammonium formate, formaldehyde, and polyethylene glycol) and heated in an autoclave at 180 ∘ C for 8-10 hr. The Au-coated substrates were then annealed at 200-250 ∘ C under argon for several hours [174, [180] [181] [182] . The structure of these materials is a bit different than those formed by dealloying consisting of an aggregate network of gold nanoparticles that range in size of 50-500 nm forming pores/openings that are 10s to 100s of nanometers in size. The one advantage these materials have is that they do not have any residual silver, but Ti is present. Figure 11 shows an SEM and its corresponding EDX of nanoporous gold formed in this manner [174] . These materials have been used Figure 11 : SEM of nanoporous gold formed from a hydrothermal method (a) along with EDX analysis (b) and X-ray diffraction (c) [174] .
Reprinted with permission from [174] .
as a nonenzymatic sensor to detect glucose with a reported detection limit of 14.8 M [181] , glucose-oxidase-based sensor to detect glucose with a reported detection limit of 2.5 M [180] , horseradish-peroxidase-immobilized sensor to detect hydrogen peroxide (detection limit of 2 × 10 −8 M) [182] , and in the detection of cholesterol [174] . A roughness factor of 5.9 [174] and 19 [181] has been reported.
Conclusions
Nanoporous gold prepared by dealloying a binary Au:Ag alloy is a promising material for the development of chemical sensors. One of the major reasons it has become so popular in recent years is that it can be easily, quickly, and reproducibly made from readily available sources (e.g., white gold leaf).
The features that make this material unique are its high surface area, open pore network that can be easily tailored and/or modified, and excellent conductivity making it perfect for sensitive electrochemical detection methods. Recent work in this field has clearly showed the potential for nanoporous gold to impact that field of analytical chemistry. While the trend in materials research seems to be to make materials with higher and higher surface areas, there comes a point, particularly in chemical sensor development, where bigger is not always better. Mass transport limitations will ultimately become important. Through continued advances in the basic science associated with nanoporous metal fabrication and characterization coupled with novel advances in sensing platforms and mechanisms, the future will likely see even more sensitive and selective tools for chemical sensing being developed.
